Abstract Background/Aims: We investigated how 1,25-dihydroxyvitamin D 3 (1,25D 3 ) inhibits the effects of lipopolysaccharide (LPS) in human aortic endothelial cells. Methods: Cellular signaling was explored by determination of protein abundance with Western blot, measurement of cytosolic Ca 2+ concentration and immunofluorescence staining for a disintegrin and metalloprotease 10 (ADAM10). Results: LPS stimulated the expression of intercellular adhesion molecule 1 (ICAM-1) through toll-like receptor 4 (TLR4) and subsequent activation of p38 mitogenactivated protein kinase (p38 MAPK). Pretreatment with 1,25D 3 attenuated LPS-induced p38 MAPK activation and ICAM-1 expression by causing ectodomain shedding of TLR4. This effect of 1,25D 3 depended on its ability to induce a rapid extracellular Ca 2+ influx through L-type calcium channels because the ectodomain shedding was prevented by the absence of extracellular Ca 2+ or the presence of verapamil. TLR4 ectodomain shedding was also induced by Bay K8644 (L-type calcium channel agonist). Both 1,25D 3 and Bay K8644 caused extracellular Ca 2+ influx-dependent ADAM10 translocation to the cell surface. Depletion of ADAM10 by siRNA transfection prevented 1,25D 3 -and Bay K8644-induced ectodomain shedding of TLR4, and abolished the inhibitory effect of 1,25D 3 on LPS-induced ICAM-1 expression. Conclusion: 1,25D 3 causes ectodomain shedding of TLR4 and thereby decreases the responsiveness of cells to LPS. ADAM10, activated by extracellular Ca 2+ influx, was implicated in the ectodomain cleavage of TLR4.
Introduction
Lipopolysaccharide (LPS) is the major component of the outer membrane of gramnegative bacteria [1] . Gram-negative bacteria are common causes of sepsis in which LPS in the bloodstream stimulates vascular endothelial cells as well as monocytes/macrophages to produce a variety of inflammatory cytokines, causing systemic inflammatory responses, and if severe, multiorgan failure and even death [2] .
1,25-Dihydroxyvitamin D 3 (1,25D 3 ) is the hormone that regulates calcium and phosphate homeostasis [3] . Besides the mineral metabolism, it has anti-inflammatory effects [4, 5] . Studies of cultured cells and animal models have shown that 1,25D 3 attenuates the effects of LPS. In human umbilical vein endothelial cells, preincubation with 1,25D 3 for 30 min inhibited LPS-induced mRNA expressions of interleukin-6 and receptor for advanced glycation end products [6] . In an animal model of sepsis-induced acute kidney injury, 1,25D 3 pretreatment suppressed LPS-induced tubular epithelial cell apoptosis [7] . In another rat experiment, 1,25D 3 pretreatment suppressed LPS-induced elevations of interleukin-12 and interferon-γ in the serum and reduced mortality [8] . In these studies, 1,25D 3 was shown to prevent LPS effects by inhibiting p38 mitogen-activated protein kinase (p38 MAPK) activation [6] , by alleviating oxidative stress [7] , or by regulation of nuclear factor-κB and Ca
2+
/nuclear factor of activated T-cells signaling pathway [8] .
The cellular effects of LPS are initiated by its binding to toll-like receptor 4 (TLR4) on the cell surface [9] . In the bloodstream, LPS-binding protein recognizes LPS and transfers it to cluster of differentiation 14 (CD14). Formation of LPS-CD14 complex facilitates the transfer of LPS to TLR4/myeloid differentiation-2 complex, which activates TLR4 [10] . TLR4 is type I transmembrane protein with a cytoplasmic Toll/interleukin-1 receptor domain that recruits adaptor molecules inducing cascades of signal transduction [9] . In general, the expressions of the cell surface receptors including type I transmembrane protein are regulated by proteolytic cleavage of ectodomain as well as by its synthesis [11] .
A disintegrin and metalloproteases (ADAMs) are the enzymes that cleave the extracellular domain of various molecules on the cell surface [11] . Recently, we found that 1,25D 3 and its derivatives activate ADAM10 by inducing extracellular Ca 2+ influx in human aortic smooth muscle cells [12, 13] . Activation of ADAM10 caused ectodomain shedding of tumor necrosis factor receptor 1, leading to decreased response of the cells to tumor necrosis factor-α. Interestingly, extracellular Ca 2+ influx was also reported to attenuate the effect of LPS in macrophage. In this study [14] , estradiol triggered extracellular Ca 2+ influx and inhibited LPS-induced p38 MAPK phosphorylation and tumor necrosis factor-α production. The inhibitory effects of estradiol were dependent on extracellular Ca 2+ influx, as BAPTA-AM, an intracellular Ca 2+ chelator, prevented these effects. Based on these studies, we hypothesized that extracellular Ca 2+ influx-activated ADAM10 may cause the ectodomain shedding of TLR4 and thereby diminish the effects of LPS.
In the present study, therefore, we evaluated the effect of 1,25D 3 on LPS-induced intercellular adhesion molecule 1 (ICAM-1) expression in cultured human aortic endothelial cells (HAECs), and investigated whether ectodomain cleavage of TLR4 is implicated in the effect of 1,25D 3 . Transfection of siRNA TLR4-siRNA, ADAM10-siRNA or a nonspecific, scrambled, control-siRNA was transfected to the cells using Lipofectamine ® Reagent (Life Technologies). Briefly, 1×10 5 cells were seeded in each 6-well plate and cultured for 24 h. To prepare siRNA-lipofectamine complexes, siRNAs (100 pmol) were incubated for 15 min with lipofectamine reagent diluted in Opti-MEM ® medium (Life Technologies) at room temperature. siRNAs were transfected by adding the siRNA-lipofectamine complexes to the cells in serum-free culture medium and incubating the cells for 6 h at 37 °C in a CO 2 incubator. After siRNA transfection, the cells were cultured for 18 h in EBM-2 endothelial growth basal medium. Thereafter, the cells were rested for 16 h in M199 Hank's medium containing 1% FBS and then subjected to the experiments.
Materials and Methods

Materials
Western blot analysis
To obtain whole cell lysate, the cells were washed with PBS and incubated on ice for 10 min with cold lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% sodium deoxycholate, 1% NP-40, protease and phosphatase inhibitors). The lysed cells were collected using a plastic cell scraper, transferred to a microcentrifuge tube and centrifuged at 4 °C (10,000 × g) for 20 min, and the supernatant (whole cell lysate) was obtained. The cell lysates containing equal amount of proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to an Immobilon-P membrane (Merck Millipore Co., Darmstadt, Germany). Then, the membrane was incubated with the primary antibody, followed by washing and further incubation with horseradish peroxidase conjugated secondary antibody. Thereafter, the protein bands were visualized using the enhanced chemiluminescence agent (Luminata TM Forte Western HRP Substrate; Merck Millipore Co.).
To detect TLR4 in culture media of the treated cells, equal amounts of culture supernatant were concentrated 30-fold using Amicon ® Ultra 10K device (Merck Millipore Co.). Thereafter, the samples were incubated with 5× sample buffer for 30 min at 37 o C and subjected to immunoblot with anti-TLR4 antibody (76B357.1).
Measurement of cytosolic Ca
2+ concentration Fluo-4 AM is permeable to the cell membrane due to the acetoxymethyl (AM) ester. Within the cells, the AM ester is cleaved by esterase in the cytoplasm, and Fluo-4 is entrapped within the cells and becomes fluorescent when bound with Ca
2+
. To load the Ca 2+ indicator into the cells, HAECs were incubated with Fluo-4 AM (2 μM) for 30 min. Thereafter, the cells were washed and placed in Hank's balanced salt solution (HBSS; Ca 2+ 1.2 mM or 0 mM). While fluorescence images (excitation 494 nm, emission 506 nm) were obtained every 10 sec using Zeiss LSM710 laser-scanning confocal microscope (Carl Zeiss, Germany), the cells were treated with 1,25D 3 or Bay K8644. The fluorescence intensity in each cell was measured by ZEN 2011 imaging software (Carl Zeiss, Germany).
Immunofluorescence staining
Cell surface expressions of TLR4 and ADAM10 were examined by immunofluorescent staining as follows. Treated cells were fixed with 4% paraformaldehyde for 10 min (without permeabilization), and 
Statistical analysis
Data are presented as means ± SE (standard error), with n representing the number of different experiments. An analysis of variance with Scheffe's multiple-comparison test was used to determine statistically significant differences between groups. A p value of <0.05 was considered statistically significant.
Results
1,25D 3 inhibits LPS-induced ICAM-1 expression
First, we tested the effect of 1,25D 3 on LPS-induced ICAM-1 expression. HAECs were treated with LPS (100 ng/ml) for 0, 4, 8 and 24 h. As shown in Fig. 1A , LPS stimulated ICAM-1 expression with a peak at 8 h. In contrast, pretreatment of the cells with 1,25D 3 for 30 min significantly attenuated LPS-induced ICAM-1 expression in a dose-dependent manner, while DMSO (vehicle for 1,25D 3 ) had no effect (Fig. 1B) .
LPS induces ICAM-1 expression through TLR4-p38 MAPK axis
We tested whether TLR4 and p38 MAPK are involved in LPS-induced ICAM-1 expression. Both depletion of TLR4 by siRNA transfection ( Fig. 2A) and inhibition of p38 MAPK by SB203580 (Fig. 2B ) suppressed LPS-induced ICAM-1 expression, whereas LPS activated p38 MAPK as evidenced by increased phosphorylation of it. On the other hand, siRNA depletion of TLR4 prevented LPS-induced p38 MAPK activation, indicating that p38 MAPK is downstream of TLR4 in LPS signal transduction (Fig. 2C) .
1,25D 3 inhibits LPS-induced p38 MAPK activation: involvement of L-type calcium channel
Next, we tested the effect of 1,25D 3 on LPS-induced p38 MAPK activation. Pretreatment of the cells with 1,25D 3 at the doses 1, 10 or 100 nM for 30 min significantly attenuated LPSinduced p38 MAPK activation, in a dose-dependent manner (Fig. 3A) . 2 min and then further incubated with 1,25D 3 , or incubated with Bay K8644 for 30 min. Thereafter, the cells were stimulated with LPS for 15 min. As shown in Fig. 3B , verapamil attenuated the inhibitory effect of 1,25D 3 on LPS-induced p38 MAPK activation. Conversely, Bay K8644 inhibited LPS-induced p38 MAPK activation.
1,25D 3 stimulates extracellular Ca
2+ influx through L-type calcium channels Because verapamil inhibited the effect of 1,25D 3 while Bay K8644 mimicked 1,25D 3 , L-type calcium channel-mediated extracellular Ca 2+ influx may have a critical role in the action of 1,25D 3 . In the following experiments, we checked whether 1,25D 3 induces extracellular Ca 2+ influx through L-type calcium channels in HAECs, using Fluo-4 AM, a calcium fluorescent indicator. In the presence of physiological extracellular Ca 2+ (1.2 mM), 1,25D 3 induced a significant increase in the cytosolic Ca 2+ concentration, while DMSO (vehicle) did not (Fig.  4) . Cytosolic Ca 2+ concentration began to rise rapidly and reached a maximum within a minute after 1,25D 3 treatment, and then declined with time. In the absence of extracellular Ca 2+ , however, 1,25D 3 -induced increase in cytosolic Ca 2+ was minimal, which indicates that cytosolic Ca 2+ was elevated mainly by extracellular Ca 2+ influx. To determine whether the extracellular Ca 2+ influx occurs through L-type calcium channels, we tested the effects of verapamil and Bay K8644 on the extracellular Ca 2+ influx. As shown in Fig. 4 , pretreatment with verapamil greatly suppressed 1,25D 3 -induced Ca 2+ influx. In contrast, Bay K8644 increased cytosolic Ca 2+ , while this increase was suppressed by pretreatment with verapamil.
Extracellular Ca
2+ influx causes ectodomain shedding of TLR4 To test whether 1,25D 3 causes ectodomain shedding of TLR4, we incubated HAECs with 1,25D 3 (100 nM) for 0, 2.5, 5, 10, or 30 min and obtained the conditioned media and whole cell lysates. TLR4 in the cell lysate was measured by Western blot using a polyclonal antibody against TLR4. As shown in Fig. 5A, 1,25D 3 decreased TLR4 in the cell lysates in a time-dependent manner. To determine whether this reduction was caused by ectodomain shedding of the receptor, the conditioned medium was subjected to Western blot using a monoclonal antibody against the epitope in the N-terminus of TLR4. In the culture medium, the antibody detected a ~ 48 kDa N-terminal fragment of TLR4. 1,25D 3 increased the TLR4 fragment in the culture medium in a time-dependent manner. Next, we examined ectodomain shedding of TLR4 at different doses of 1,25D 3 and the involvement of L-type calcium channel in this effect. HAECs were preincubated with or without verapamil (1 μM) for 2 min and then further incubated with different doses of 1,25D 3 (0.1, 1, 10 or 100 nM) or Bay K8644 (1 μM) for 30 min. TLR4 was measured in the conditioned media and whole cell lysates. 1,25D 3 caused ectodomain shedding of TLR4 in a dose-dependent manner. 1,25D 3 -induced ectodomain shedding of TLR4 was abrogated by verapamil. Like 1,25D 3 , Bay K8644 decreased cellular TLR4 with accompanying increase in TLR4 fragment in the culture supernatant (Fig. 5B) .
To determine whether extracellular Ca 2+ is required for 1,25D 3 -induced ectodomain shedding of TLR4, we tested the effect of 1,25D 3 on the cells in Ca 2+ -free media. As shown in Fig. 5C , the absence of extracellular Ca 2+ markedly reduced 1,25D 3 -induced ectodomain shedding of TLR4.
We next examined the effect of 1,25D 3 and Bay K8644 on cell surface expression of TLR4 by immunofluorescent staining. Treated cells were fixed without permeabilization of the cell membrane, and immunostained using a mouse antibody against the amino acids in the extracellular domain of human TLR4 (76B357.1). In our previous study [17] , the specificity of this antibody was validated as the expression of TLR4 on the cell surface was markedly reduced in the cells depleted of TLR4 by siRNA transfection. As shown in Fig. 6 , both 1,25D 3 and Bay K8644 reduced TLR4 on the cell surface while this effect was prevented by verapamil and the absence of extracellular Ca
2+
. The findings are consistent with the data of Western blotting. -free DMEM media (n=4). Cell lysates and culture media were analyzed by Western blotting using a polyclonal anti-TLR4 antibody (cell lysate) or a monoclonal antibody directed against the N-terminal region of human TLR4 (culture media). *p < 0.05 compared with control; **p < 0.05 as compared with 1,25D 3 (100 nM). -free DMEM media, as indicated. HAECs were preincubated with or without verapamil (1 µM) for 2 min and then incubated for 30 min with DMSO (control), 1,25D 3 (100 nM) or Bay K8644 (1 µM). Thereafter, the cells were fixed with 4% paraformaldehyde and not permeabilized. Fixed cells were then immunostained for TLR4 using a monoclonal antibody directed against the N-terminal region of human TLR4, and visualized by confocal microscopy. Cell nuclei were stained with DAPI. Representative images from three independent experiments with similar results are shown. -free DMEM media, as indicated. HAECs were preincubated with or without verapamil (1 µM) for 2 min and then incubated for 10 min with DMSO (control), 1,25D 3 (100 nM) or Bay K8644 (1 µM). Thereafter, the cells were fixed with 4% paraformaldehyde, and not permeabilized. Fixed cells were then immunostained for ADAM10, and visualized with confocal microscopy. Cell nuclei were stained with DAPI. Representative images from three independent experiments with similar results are shown.
expression. Preincubation of the cells with verapamil for 2 min before 1,25D 3 treatment also abolished the increase in ADAM10 cell surface expression. Like 1,25D 3 , Bay K8644 increased ADAM10 cell surface expression, while this effect was prevented by preincubation with verapamil.
Though treatment of the cells with 1,25D 3 or Bay K8644 markedly increased ADAM10 at the cell surface in 10 min, it had no such effect on ADAM10 in the whole cell lysates (Fig. 8) . It suggests that the rapid increase in cell surface expression of ADAM10 occurs by translocation of ADAM10 to the cell surface from the intracellular pool.
Next, we examined the effect of specific depletion of ADAM10 on 1,25D 3 -induced ectodomain shedding of TLR4. To deplete ADAM10, we transfected the cells with controlsiRNA or ADAM10-siRNA, and treated them with 1,25D 3 or Bay K8644. Depletion of ADAM10 markedly decreased 1,25D 3 -and Bay K8644-induced ectodomain shedding of TLR4 (Fig. 8A  & 8B) .
We further investigated whether depletion of ADAM10 reverses the inhibitory effect of 1,25D 3 on LPS-induced ICAM-1 expression. As shown in Fig. 8C, 1,25D 3 had little effect on LPS-induced ICAM-1 expression when ADAM10 was depleted.
Discussion
In HAECs, pretreatment of the cells with 1,25D 3 inhibited LPS-induced ICAM-1 expression. As the mechanism for it, our data demonstrated that 1,25D 3 attenuates the responsiveness of the cells to LPS by causing ectodomain shedding of TLR4. 1,25D 3 rapidly induced extracellular Ca 2+ influx through L-type calcium channels, and the elevation of cytosolic Ca 2+ led to the translocation of ADAM10 to the cell surface where TLR4 is located. ADAM10 was implicated in the ectodomain shedding of TLR4.
Enzymatic cleavage of cell surface receptor is important for the regulation of biologic response of cells [18] . The new finding in the present study was that TLR4, the receptor for LPS, undergoes ectodomain shedding upon stimulation with 1,25D 3 . TLR4 belongs to type I transmembrane protein [9] . Cell membrane receptors like type I transmembrane protein are commonly subjected to proteolytic cleavage, resulting in shedding of the ectodomain portion of it. The released ectodomain fragments of the receptors are detected as soluble receptors in the supernatant of cultured cells and body fluid. Soluble receptors can also be generated by release of full-length receptor as a component of exosome-like vesicles or by alternative splicing of mRNA transcripts [19] . Like other cell surface receptors, TLR4 was found as soluble receptor in the supernatant of cultured peripheral blood mononuclear cells [20] , plasma [20, 21] , amniotic fluid [22] , saliva [23] and pleural fluid [24] , but it is obscure how soluble TLR4 is formed. The reported sizes of TLR4 fragments were different, suggesting that different enzymes may be involved in this process. So far, neutrophil elastase and prostasin (a serine protease) have been identified to cleave the extracellular region of TLR4 [25, 26] . The present study clearly demonstrates that 1,25D 3 causes ectodomain shedding of TLR4. 1,25D 3 decreased cellular TLR4 with accompanying increase in TLR4 immunoreactivity in the culture supernatant. TLR4 in the culture supernatant detected by the monoclonal antibody recognizing the N-terminus of TLR4 was ~ 48 kDa in size, which is smaller than the full-length TLR4 (95 kDa) and indicates a fragment of TLR4 containing N-terminal portion produced by cleavage of the ectodomain region. 1,25D 3 -induced ectodomain shedding of TLR4 was also supported by the reduction in cell surface expression of TLR4 following exposure to 1,25D 3 in the immunofluorescent staining.
As in other studies [27, 28] , LPS stimulated the expression of ICAM-1 in HAECs. This effect of LPS was mediated by TLR4 and subsequent p38 MAPK activation. Besides inducing ectodomain shedding of TLR4, 1,25D 3 suppressed LPS-induced p38 MAPK activation and ICAM-1 expression, the downstream steps of TLR4. Thus, the ectodomain shedding of TLR4 was accompanied by a decrease in the receptor response.
1,25D 3 -induced extracellular Ca
2+ influx through L-type calcium channels has been demonstrated in osteoblasts [29] and vascular smooth muscle cells [12, 13] . 1,25D 3 -membrane associated rapid response steroid-binding receptor (endoplasmic reticulum stress protein 57) mediated this effect of 1,25D 3 [13] . Likewise, 1,25D 3 induced L-type calcium channel-mediated extracellular Ca 2+ influx in HAECs. 1,25D 3 -induced ectodomain shedding of TLR4 was dependent on the extracellular Ca 2+ influx as it was greatly suppressed by verapamil and the absence of extracellular Ca
2+
. In addition, L-type calcium channel agonist Bay K8644 mimicked 1,25D 3 by causing ectodomain shedding of TLR4.
Of 12 proteolytically active ADAMs identified, ADAM10 is known to be activated by elevated cytosolic Ca 2+ [30, 31] . The present study indicated that the extracellular Ca 2+ influxdependent ectodomain cleavage of TLR4 is mediated by ADAM10. To cleave the ectodomain of TLR4, the responsible sheddase has to be located at the cell surface. In untreated cells, ADAM10 was weakly detected at the cell surface. On treatment with 1,25D 3, ADAM10 was markedly increased at the cell surface by translocation from the intracellular pool. ADAM10 translocation was dependent on extracellular Ca 2+ influx because 1,25D 3 failed to translocate ADAM10 in the absence of extracellular Ca 2+ or after preincubation with verapamil. Furthermore, the L-type calcium channel agonist Bay K8644 also increased ADAM10 translocation to the cell surface while verapamil inhibited this effect. On the other hand, specific depletion of ADAM10 by transfection of ADAM10-siRNA prevented both 1,25D 3 -and Bay K8644-induced ectodomain shedding of TLR4 and abolished the suppressive effect of 1,25D 3 on LPS-induced ICAM-1 expression.
Ectodomain shedding of a receptor commonly result in a decreased response of the cells to the ligand as the number of binding receptor is decreased on the cell surface. In addition, the released ectodomain of the receptor may be able to bind the ligand and thereby acts as a decoy receptor [18] . On the contrary, the cleavage of ectodomain may cause constitutive activation of the receptor by removal of an inhibitory domain [32] . As noted above, ADAM10-mediated ectodomain shedding of TLR4 resulted in a significant decrease in the response of cells to LPS in terms of p38 phosphorylation and ICAM-1 expression. In HepG2 cells [26] , the ectodomain cleavage of TLR4 mediated by the serine protease prostasin was also shown to decrease the receptor activity. In contrast, the ectodomain cleavage of TLR4 mediated by neutrophil elastase in macrophage was accompanied by an increased production of inflammatory cytokines [25] . However, it is not clear whether the stimulatory effect on cytokine production was caused by ectodomain shedding of TLR4 or by other unknown mechanisms including secondary mediators produced by neutrophil elastase. In another study [32] , the deletion of ectodomain at specific sites was shown to cause constitutive activation of the receptor. TLR4 consists of an extracellular domain of 624 amino acids (residues 1-624), a transmembrane domain of 33 amino acids (residues 625-658) and a cytoplasmic domain of 178 amino acids (residues 659-838) [9] . The transmembrane and cytoplasmic domains of TLR4 were shown to have an intrinsic dimerization propensity leading to activation of the receptor, while the ectodomain inhibited the spontaneous receptor dimerization [32] . The inhibitory part of the ectodomain was the N-terminal amino acid residues between 542 and 563 of TLR4 because deletion of N-terminal amino acid residues 563 or 569 caused constitutive activation of the receptor, while deletion of amino acid residues 542 or its distal did not. The fragment of TLR4 deleted of N-terminal amino acid residues 542 was about ~ 35 kDa. Considering the whole size is 95 kDa, the deleted ectodomain is estimated to be ~ 60 kDa in size. Accordingly, deletions of amino acid residues 563 or 569 causing constitutive activation is expected to produce the ectodomain fragment larger than this size. In the present study, N-terminal fragment of TLR4 produced by 1,25D 3 treatment was detected at the size of ~ 48 kDa, suggesting that the cleavage occurs distal to the inhibition domain of the receptor.
In summary, 1,25D 3 causes ectodomain shedding of TLR4 in HAECs and thereby decreases the responsiveness of the cells to LPS. ADAM10, activated by extracellular Ca 2+ influx, was implicated in the ectodomain cleavage of TLR4.
